Abstract: Implant related sepsis is a relatively unusual complication of intra-medullary nail fixation of long bone fractures. Depending on the extent of infection, timing of diagnosis and progress of fracture union, different treatment strategies have been developed. The aim of this review article is to collect and analyze the existing evidence about the incidence and management of infection following IM nailing of long bone fractures and to recommend treatment algorithms that could be valuable in everyday clinical practice. After searching the P u b M e d /Medline databases, 1270 articles were found related to the topic during the last 20 years. The final review included 28 articles that fulfilled the inclusion criteria.
INTRODUCTION
Long bone fractures are severe injuries commonly resulting from high-energy trauma, usually due to roadtraffic collisions. A substantial amount of energy is transferred to the limb leading to damage of both the soft tissue envelope and the bone. Intramedullary (IM) nailing is considered the gold standard of treatment of closed and many open femoral, tibial and humeral shaft fractures due to its biomechanical and biological advantages. The risk of infection following IM nailing of closed long bone fractures is thought to be similar to the general risk of infection after any orthopaedic trauma procedure, but this risk is substantially increased in the setting of open fractures and has been reported to range between 4% and 7% [1] .
The development of intramedullary sepsis after stabilization of long bone fractures is a dreadful complication and its management has been a topic of vivid discussion [1] . The aim of this review article is to collect and analyze the existing evidence related to the incidence and management of infection following IM nailing of long bone fractures and to recommend treatment algorithms that could be valuable in everyday clinical practice.
MATERIALS AND METHODS

Literature Search
We searched the PubMed Medline databases, from January 1992 to December 2012, to retrieve relevant articles reporting on the management of infection following intramedullary nailing of long bone fractures. We manually searched the bibliographies of identified articles and we also used the "related articles" options in PubMed Medline. We restricted our research to studies in English. The keywords used in the subject headings search included: "intramedullary" and "nailing" and "infection".
Criteria for Eligibility
The studies selected were original articles that fulfilled the following criteria: 1) more than 5 adult patients were included 2) articles were published in English language 3) the full text of the article was available 4) the primary management of long-bone fractures was an intramedullary nail 5) the method of treatment of the infected intra medullary nail was reported; 6) a minimum mean follow-up of 12-months was reported. All articles that did not meet the foregoing criteria including case reports, review articles and editorial comments were excluded.
Extraction of Data
Relevant information on publication year, type of the study, patient demographics, type of fracture (open or closed), time interval from fracture to intramedullary nailing fixation, duration of follow up, type of bacteria isolated, and method of treatment following intramedullary infection were carefully extracted.
Infections were classified into three stages [2] . The first stage (early) was considered as bacterial cellulitis occurring in the immediate postoperative period usually within 2-6 weeks. This situation is usually treatable with high doses of intravenous antibiotics and, as long as stability of the fracture is retained and there is no underlying collection of pus, there is no need for wound exploration or implant removal. If there is an underlying collection then incision and drainage is mandatory. The second stage defined between 2 to 9 months post-operatively, is associated with delayed wound healing, wound necrosis or discharge from the operative site. An impaired fracture healing response might be present. One must assume that there is bone infection present and nail removal, followed by restabilisation of the fracture could be necessary. However, assuming that the implant (nail) still provides a stable mechanical environment, revision of fixation may not be necessary and local soft tissue treatment should be combined with the appropriate administration of antibiotics for suppression of the infection until union is established. The third stage (late) represents established intramedullary osteomyelitis. In this case, principles of management include establishing the extent of non-viable hard and soft tissue (the zone of necrosis) and the extent of infection (the zone of disease). After debridement and irrigation, the most appropriate method of fracture stabilization is carried out if the fracture is still un-united and for any bone loss restoration is performed when an aseptic environment has been achieved with the most appropriate option (ie: bone grafting, bone transport, etc.). If the fracture has united usually implant removal with debridement and irrigation of the IM canal is recommended.
Statistical Analysis
Comparison of data between the groups was performed on a personal computer using SPSS (17.0.1 for windows, SPSS Inc., Chicago, Illinois). Qualitative data were compared using the chi-squared test. Differences were considered significant at p< 0.05.
RESULTS
Literature Search
The initial electronic search yielded 1270 articles, 603 of which were potentially eligible based on a scan of the title and the abstract. After obtaining the full text, we found a total of 28 articles meeting the inclusion criteria . Study details are illustrated in Table 1 .
Demographic Data
In total, 2128 patients that underwent an intramedullary nailing procedure for the management of a long bone fracture were included. Four studies did not report the sex ratio [12, 14, 25, 30] . The remaining studies reported on sex ratio and there were 1020 males and 352 females. The median follow-up was 14.4 months (3-79 months). The median age of patients at the time of the primary intramedullary nailing was 32.5 years (range 15-92). However, the median age of patients was not reported in 3 [11, 19, 29] . Overall, 88.6% of the fractures were the result of high-energy mechanism. In the majority of the studies the associated injuries, the Injury Severity Score, the time interval from fracture to intramedullary nailing and the duration of the initial intramedullary procedure were poorly documented.
Type of Studies and Fractures
Only 7 studies were prospective [6, 7, 12, 13, 23, 25, 26] , while the rest were of retrospective nature [3-5, 8-11, 14-22, 24, 27-30] . Four studies reported on humeral [3, 5, 13, 20] , 6 on femoral [6, 9, 14, 21, 28, 29] and 18 on tibial fractures [4, 6-8, 10-12, 14-19, 22-27, 30] . In total, there were 2140 diaphyseal fractures in 2128 patients (12 bilateral 
Type of Bacteria Isolated and Time Interval from Injury to Intramedullary Nailing Fixation
Six studies [8, 11, 14, 16, 29, 30] reported Staphylococcus Aureus to be the most common causative organism of infection. In one study [14] , 11 cultures were negative although clinical manifestation of infection occurred. In ten studies [4, 5, 9, 15, 23, 24, 25, 26, 28, 29] the time interval from injury to the primary intramedullary nailing procedure ranged from 3 hours to 33 days.
Methods of Treatment Following Infection According to Stage of Infection
Out of 2128 cases, 171 (7.9%) were reported to develop infection after intramedullary nailing. There were 25 cases of stage I infection (1.16%) [3, 4, 5, 9, 11, 12, 19, 26] , 120 cases of stage II infection (5.6%) [7, 9-17, 19, 20, 21, 22, 24-30] and 26 cases of stage III infection (1.2%) [6, 7, 8, 12, 22, 27, 30] . All stage I infection cases were successfully treated with nail retaining, incision and drainage where it was felt to be necessary and antibiotic administration. Six methods of treatment were used to treat stage II infections ( Table 2) . Nail removal followed by placement of an antibiotic nail and nail retainment with extensive soft tissue debridement and administration of antibiotics were used in the majority of cases. No difference in outcomes was noted when comparing these two treatment strategies (p<0.417). Other treatment options included nail retainment with antibiotic administration and following fracture union, removal of nail and reaming and irrigation of the IM canal; exchange nailing complimented with appropriate antibiotic administration; and nail removal, reaming and application of Ilizarov frame. No difference in outcomes was noted comparing the different methods of treatment (p< 0.353 and p<0.189 respectively). Stage II infected non-unions were treated using 3 strategies ( Table 2 ). There were statistically significant differences in favor of nail retainment/debridement/antibiotic administration and exchange nail/antibiotics/ ± bone graft compared to nail removal/external fixation (p<0.015 and p<0.028 respectively). Stage III infections were managed with 3 methods, but samples were not sufficient to safely compare their effectiveness ( Table 2) .
Stage III infected non-unions were successfully treated using 2 procedures ( Table 2) .
DISCUSSION
Long-bone fractures are common orthopaedic injuries and usually occur in the setting of severe trauma. Since its introduction by Kuntscher, intramedullary nailing has become the choice of treatment of stabilisation of diaphyseal long bone fractures [31, 32] . Intramedullary nailing is a technically demanding procedure that requires vigilance and careful planning in order to achieve an optimal outcome. Major complications following this procedure include infection, compartment syndrome, venous thrombo-embolic events, fat embolism syndrome, neurovascular damage and non-union. All these complication could have a significant impact on the functional outcome of patients [33] .
The incidence of infection following closed long-bone fractures is approximately 1-2% [34] . This incidence is [35] [36] [37] . Previous studies have shown that intramedullary nail fixation provides a stable construct which allows a fracture to heal even in the presence of sepsis [37] . Changulani et al. prospectively compared IM nailing with compression plating in humeral fractures and found lower infection rates using the former, emphasizing the importance of surgical technique in terms of union time and major complications [13] . On the other hand, Vallier et al. compared plate versus IM nail fixation for distal tibial shaft fractures and they found equal incidence of infection in the two groups. The critical factor influencing the risk of developing infection was the complexity of the fracture and not the technique used [7] . Blachut et al. concluded that there is no major advantage to nailing without reaming compared to nailing with reaming for the treatment of closed fractures of the shaft of the tibia. In their prospective randomized study there was only one deep infection in 135 patients that occurred after unreamed nailing. There was no significant difference compared to reamed nailing [25] .
A meticulous clinical evaluation, a detailed diagnostic workup, and a specific treatment strategy are critical factors in diagnosing the presence of infection after surgical fixation of long-bone fractures [38] . Criteria for clinical infection include an open wound with a draining sinus, fever, persistent pain and local signs of inflammation. The laboratory workup includes a full blood cell count, Creactive protein and erythrocyte sedimentation rate which along imaging studies can lead to an accurate diagnosis of an underlying infection [39] . The culture of the infected tissue provides the final diagnosis [39] . Forsberg et al. [40] , have reported on their review that cross-sectional imaging is critical to delineate the extent of bony involvement, and scintigraphy can be used as a diagnostic tool and to gauge response to treatment. The authors proposed an oncologic approach in order to diagnose and manage an infection beginning from clinical staging and ending to a complete debridement of the affected tissue.
The management of complications after long bone intramedullary nailing may be complex and should be ideally delegated to specialized orthopaedic traumatologists. Different strategies for treatment of infection after IM nailing have been reported by several authors. Some of them involve retainment of the nail, thorough irrigation and softtissue debridement followed by intravenous administration of antibiotics [41] . This method considers union of the fracture as the most important factor and secondarily deals with the infection. The second strategy aims to the eradication of the infection as the main objective and involves removal of the infected nail, debridement, antibiotics and the insertion of a new nail in order to achieve fracture union. The main drawback of this method is that soft-tissue and bone debridement can lead to sizeable defects t h e reconstruction of which requires additional skills and expertise [42] .
In this study, we tried to identify the contemporary used methods for the management of infection following intramedullary nailing of long-bone fractures. We have classified infection in 3 distinct clinical stages attempting to analyze the effectiveness of treatment strategies used in the relevant publications. Thus, the methods of treatment depending on the stage of infection and the progress of fracture union were analyzed.
In 28 studies reviewed, only few reported on a specific treatment protocol used for the diagnosis of infections [6, 16, 27, 30] , although most of the papers seemed to follow the general diagnostic guidelines. Considering treatment strategies, stage I infection was successfully treated with nail retainment, debridement when necessary and pathogen specific antibiotic administration [11, 12] . Stage II infections were reported to heal successfully either with nail retainment, antibiotics and removal of nail with reaming of the IM canal after fracture union [24, 29, 30] or with nail ( removal and new antibiotic nail placement [7, 14] . An alternative option could be an exchange nailing procedure with antibiotic administration, although the burden of surgery is greater [27, 28, 30] . However, based on the data analyzed, no significant differences were noted comparing all 6 suggested treatment strategies. With regard to the management of infected non-unions, exchange nailing in combination with antibiotics and with/without bone grafting can lead to successful eradication of the infection and fracture union [10, 11, 13, 16, 17, 22] .
According to the data analyzed, it was noted that stage III infections are better managed with debridement, exchange nailing and antibiotic administration [12, 22, 27, 30] . Finally, for stage III infected non-unions it appears that the Ilizarov method is most commonly used with good results especially when significant bone defects exist [8] .
Despite the promising results and satisfactory functional and radiological outcomes that have been reported, our study has a number of limitations. Firstly, we noted a great heterogeneity amongst the studies analyzed. Secondly, the vast majority of the studies were retrospective case series. Thirdly, a lot of studies failed to provide the same information required to be able to do a direct comparison of the treatment strategies used and outcomes. Despite the above limitations and based on the available evidence an algorithm was developed which could be useful to clinicians managing these complex cases (Fig. 1) .
CONCLUSION
The treatment of infection following IM nailing of longbone fractures remains challenging and the surgeon has to consider the most appropriate treatment option in order to achieve the best clinical results and minimize the risk of revision surgery. Prompt clinical examination and laboratory screening is mandatory for early diagnosis. The results available in literature are variable and only few prospective studies exist to report on the management of infection following IM nailing of long-bone fractures.
A useful tool is to classify infection according to location and timing of presentation. In general, stage I infections only require antibiotic administration with/without debridement. Stage II infections can be successfully treated with antibiotic nails, exchange nailing or removal of the nail after fracture union and intramedullary reaming. Infected non-unions are best treated with exchange nailing, antibiotic administration with/without grafting at a later stage. Stage III infected nonunions can successfully be treated with nail removal and Ilizarov frame application, especially when large bone defects exist.
